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An innovative structure — nanozeolites (as shell) grown with 
preferred orientation on ceramic nanofibers (as core) was 
proposed. The Y-zeolite nanocrystals on TiO2 nanofibers 
exhibited superior ability to catalyze acetalization and 10 
carboxylation reaction, achieving high conversions to desired 
products with selectivity of 100% under moderate conditions.  
Zeolites are key industrial materials widely used in the 
manufacture of fine chemicals and petrochemicals, and in 
environmental remediation.
1,2
 However, when large zeolite 15 
crystals used, the intra-crystalline diffusion of the reactants 
and products often adversely affects their catalytic 
performance, especially in liquid-phase reactions. Also, the 
desired products may react further before they diffuse out 
of the zeolite crystals. In contrast, nanozeolites have a 20 
larger surface area to volume ratio than micron-sized 
zeolites, and thus more active sites can be accessed by 
reactant molecules.
3 
For instance, in petroleum cracking 
and reforming processes, the utilization of nanozeolites 
could improve the catalytic selectivity and diminish the 25 
coke formation. Nonetheless, their direct use in catalysis is 
impractical due to serious aggregation of nanocrystals or 
extreme difficulty in their recycle. Besides, it is still 
problematic to synthesize discrete and uniform 
nanocrystals (below 100 nm) of various zeolites without 30 
the protection of organic media. Great efforts have been 
made to alleviate the problems by introducing mesopores 
to create hierarchical pore structures or by reducing crystal 
thickness.
4
 Recently hierarchical pore structures and 
ultrathin-layer assemblies of zeolites have been realized by 35 
templating strategies or recrystallization processes.
4c-4e
 
Generally, the formation of these zeolite nanocrystal 
structures involves large amounts of supramolecular 
templates, in addition to the structure-directing agents in 
conventional synthesis of zeolites, to create macro-40 
/mesoporosity or special assembly micelles.
4
 
 In the present study, we propose a new strategy to 
construct efficient catalysts with nanozeolites: assembling 
ceramic nanofibers (as a core) with nanozeolites that grow 
on the nanofibers with defined orientations (as a shell). 45 
The new structures are abbreviated as zeolite@NFs. 
Although deposition of bulky zeolites on various fibril 
substrates of large dimension, such as vegetal fibers, 
optical fibers, quartz fibers, and metal fibers, has been 
studied and these composite structures exhibited 50 
advantages to some degree,
5
 the sizes of the bulk zeolites 
are usually much larger than 100 nm and the thicknesses of 
the fibers are one micron or above. In such system, it is 
difficult to sufficiently utilize the advantages of 
nanozoelites, or to study the structure of the interface 55 
between the substrate fibers and active component zeolite 
crystals. To achieve efficient catalysts, nanofibers should 
be better alternative substrates because they have much 
large specific surface area and can support more 
nanozeolites. Furthermore, if the orientation of the 60 
nanozeolites with respect to the fibril substrate is not 
random, the openings of the nanozeolite micropore system, 
which are exposed to the reactants, will not be random, 
neither. Certain openings will be exposed and others will 
not, which may enhance the catalytic performance of 65 
zeolite@NFs. 
 Metal oxide nanofibers (NFs) usually have a thickness 
of several tens of nanometers and a length of tens of 
microns, and thus have a large aspect ratio and a large 
external surface area.
6
 Moreover, the contact areas between 70 
NFs are much smaller and the voids between them are 
much larger than those between particles with other 
morphologies.
7
 Hence, agglomeration of NFs is not a 
serious concern; instead, NFs can be easily dispersed into 
fluids, their external surfaces can be readily accessible by 75 
fluids, and NFs can be recovered from a fluid system by 
simple filtration or sedimentation. 
 To verify this new strategy, nanocrystals of Y-zeolite 
were synthesized on the surface of TiO2 NFs in this study. 
The NFs were obtained from titanate NFs that can be easily 80 
fabricated by a hydrothermal reaction.
6b
 To prepare 
nanozeolites on the TiO2 NFs, the NFs were pre-treated by 
diluted polyelectrolyte [0.5% in weight ratio of 
poly(diallydimethylammonium chloride), PDDA] to create 
positively charged surfaces. Subsequently, zeolite seeds 85 
with opposite charges were loaded on the fiber surface in 
controlled pH ranges (above 10). The size and population 
of the zeolite seeds on the surface were carefully 
controlled to around 10 nm (Fig. 1a). The seeds then grew 
by consuming zeolite precursor solution. In this process, 90 
the transport of ‘nutrition’ around seeds was controlled to 
tune the size and population of the nanozeolites and to 
prevent them from agglomeration. High-resolution 
transmission electron microscopic (HRTEM) and field-
emission scanning electron microscopic (FESEM) 95 
investigation of the Y-zeolite@NFs revealed that discrete 
Y-nanozeolites of 60 nm were synthesized on TiO2 NFs 
(Fig. 1b and Fig. 1c). 
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Fig.1. Microscopic analyses and spectra study of the new 
composites. (a) The TEM image of Y-zeolite seeds loaded on 
TiO2 NFs; (b) The TEM image of Y-zeolite@NFs after the 
zeolite crystal growth; (c) The FESEM micrograph of Y-5 
zeolite@NFs after the zeolite crystal growth; (d) XRD patterns of 
the samples calcined at 550oC for 5 h with a ramp of 1 oC/min; (e) 
FT-IR spectra of Y-zeolite@NFs, Y-zeolite and TiO2 NFs. 
 In the powder X-ray diffraction (XRD) pattern of Y-
zeolite@NFs (Fig. 1d), the characteristic peaks at 6.3
o
, 10 
15.9
o
 and 24.0
o
, due to the reflection of the (111), (133) 
and (266) planes of Y-zeolite lattices, can be seen clearly, 
indicating that the Y-zeolite nanocrystals on NFs are well 
crystallized.
8
 Fig.1e shows the Fourier transform infrared 
(FT-IR) spectra of Y-zeolite crystals formed on TiO2 NFs. 15 
The band at around 550 cm
-1
 is from the feature vibration 
of the double rings of tetrahedral in the framework of the 
FAU-type zeolite (the Energy Dispersive Spectroscopy 
(EDS) showed that the Si/Al ratio was 7.6, confirming the 
Y-zeolite structure).
8d
 The band centered around 960 cm
-1
 20 
is a characteristic absorption of the Ti-O-Si bond vibration, 
which is absent in the FT-IR spectrum of the calcined Y-
zeolite, but observed in the spectrum of the Y-
zeolite@NFs.
8b,8c
 This result indicates that the nanozeolites 
are attached to the TiO2 NF through Ti-O-Si bonds. 25 
 The catalytic performance of Y-zeolite@NFs on the 
acetalization of cyclohexanone and carboxylation of benzyl 
alcohol were investigated with the bulk Y-zeolite and the 
NFs. Acetalization of aldehydes or alketones with alcohols 
to give acetals or ketals is one of the most important 30 
transformations to protect the carbonyl groups in the multi-
step organic synthesis of multifunctional molecules; the 
ester-exchange reaction of dimethyl carbonate with 
alcohols is another common process for producing organic 
intermediates or products.
9
 In the present study, the Y-35 
zeolite@NF catalyst was used, of which the sizes of 
nanozeolite were between 50 and 100 nm, and the loading 
amount of Y-zeolite was 14% in weight estimated by the 
EDS. The reaction system employed no noxious reagents 
or toxic solvents. For example, 0.1 g of catalyst was   40 
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Fig.2. (A) Acetalization of cyclohexanone with methanol on (a) 
TiO2 NFs; (b) Y-zeolite with particle size of 200-500 nm; (c) Y-
zeolite@NFs with zeolite particle size of 50-100 nm; and (d) Y-
zeolite@NFs with zeolite particle size of 10-40 nm; (B) 45 
Carboxylation of benzyl alcohol with dimethyl carbonate on the 
three catalysts. 
dispersed into 10 mmol cyclohexanone and 100 mmol 
methanol in a 50 ml-flask. The Y-zeolite@NFs exhibited a 
much higher catalytic activity than large Y-zeolite crystals 50 
with the size of 200-500 nm (Fig.2A). During 24 h of 
reaction, the conversion on the Y-zeolite@NFs was 68.3%, 
compared with 43.6% on the bulk Y-zeolite and below 
4.5% on TiO2 NFs. A very high product selectivity (the 
desirable product >99%) was achieved at ambient 55 
conditions. The similar situation was observed in the 
carboxylation reaction. After 12 h of reaction, 38.3% of 
benzyl alcohol was converted on the Y-zeolite@NFs, 
compared with 17.7% on TiO2 NFs and below 1.5% on the 
bulk Y-zeolite. The desirable product accounts for over 60 
99% of the products. The enhancement in the catalytic 
performances can be attributed to the reduction of the 
zeolite particle size from microns to tens of nanometers, 
considerably shortening the intra-crystalline diffusion 
paths and substantially increasing external surface area of 65 
the zeolite. As shown in Fig. 2, the Y-zeolite@NFs with 
small zeolite crystals (50-100 nm) exhibit a better 
conversion rate than the sample with larger zeolite crystals 
(200-500 nm) even though their loading density (in particle 
number) is consistent. But too small zeolite crystals (10-40 70 
nm) on the nanofibers did not show high activity possibly 
due to the low ratio of crystalline zeolites — in this scale 
the yields of crystalline zeolites are normally less than 
5%.
10 
 The zeolite@NF catalysts can be separated readily after 75 
reaction by sedimentation for reuse. The recycled 
zeolite@NF catalysts were washed thoroughly with water, 
dried overnight at 60 °C in a vacuum oven and reused. 
Slight change in activity of the Y-zeolite@NF catalyst was 
observed and the selectivity was still excellent (>99%) 80 
after five runs with each run being 24 hours (Fig. S1 in 
Supplementary Information). These results confirm that Y-
zeolite@NF catalyst is stable and reusable. Hence, Y-
zeolite@NF composites show a remarkable potential as 
alternatives for environmentally friendly and highly 85 
selective catalysts in acetalization and carboxylation. 
 The strength of attachment of the nanozeolites to the 
surface of TiO2 NFs is critical because it determines the 
operation lifetime of the new catalysts. The nanocrystals 
do not randomly deposit on the surface of the NFs as might 90 
be regarded; instead, they attach to the fibers with 
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preferred crystal orientations: the nanozeolites and the  
 
Fig.3. TEM investigation of the orientation relationship between 
TiO2 nanofiber and Y-nanozeolites. (a) A bright filed image; (b) 
The electron diffraction pattern taken from the TiO2 nanofiber at 5 
the direction [100]t; (c) The fast flourier transformation (FFT) 
image derived from the zeolite crystal in Panel A taken on [110]Y; 
(d) The 3-D scheme of the two crystals orientation; (e) The 
crystallographic orientation relationship between the two phases. 
The subscripts “t” and “y” represent TiO2 and Y-zeolite, 10 
respectively. 
fibers join at surfaces of crystallographic similarity (for 
example, the engaged crystal planes have the same basal 
spacing).
11
 Hence, the crystal and the fibers can interlock 
tightly at the atomic level to form thermodynamically 15 
stable interfaces (coherent interfaces). The TEM analysis 
on the crystallographic orientation of Y-zeolite with 
respect to TiO2 NFs is illustrated in Fig. 3. An important 
feature is that the (111)Y planes of the Y-zeolite are parallel 
to the (011) planes of the fiber. The major channels of the 20 
Y-zeolite in the [111] orientation, which are perpendicular 
to the (111) planes, are externally exposed and act as 
catalytic sites and passages of the reactants. It has been 
reported that the b-oriented bulk zeolites (in micron-scale) 
with the preferred [0l0] orientation showed a prominent 25 
improvement in separation and catalysis due to the 
reduction of the diffusion pathway.
12
 The nanozeolites in 
the zeolite@NFs structure are well oriented and being a 
uniform size; thus, an enhanced selectivity and catalytic 
activity are achieved. 30 
 We also found that the MFI-type zeolites can anchor on 
TiO2 fibers with the uniform channels exposed externally, 
to achieve a fully matching between the nanozeolites and 
the NFs, which agrees well with the prediction of the Phase 
Transformation Invariant Line Strain theory (Fig. S2, 35 
Scheme S1).
11
 To summarize, the zeolite@NF structure 
opens a new route for developing nanozeolites based 
efficient catalysts, by which we are able to tackle current 
problems that seriously impede efficient manufacturing 
chemicals and handling environmental concerns. 40 
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